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(57) ABSTRACT

The invention relates to a calibration method and system for
at least one projection apparatus, where the geometric data
from at least one projection area has been or are stored 1n
advance 1 a computer unit, wherein a) the at least one pro-
jection apparatus projects previously known calibration pat-
terns onto at least one portion of the projection area, with the
calibration patterns having at least one overlap region among

one another, b) the calibration patterns are recorded by at least
one camera apparatus as a calibration 1mage, where c¢) the
computer unit 1s used to automatically ascertain the differ-
ence between the recorded real calibration image and an 1deal
depiction result from the previously known calibration pat-
tern on the projection area as a reference pattern, and where
subsequently the difference between the real calibration
image and the reference pattern 1s used to ascertain a correc-
tion transform.

14 Claims, 14 Drawing Sheets
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FIG 2
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SYSTEM AND METHOD FOR CALIBRATING
AND ADJUSTING A PROJECTED IMAGE OF
A PROJECTION APPARATUS

BACKGROUND OF THE INVENTION

In many fields, use 1s currently being made of projection
apparatuses 1n order to 1rradiate relatively large and complex
projection areas with images, films or the like. Since the
projection areas are generally not planar, and the overall
images are composed of partial images, the problem arises
that distortions occur 1n the transition region of two partial
images. Again, 1t 1s impossible 1n the case of dome-shaped
projection areas, for example, to undertake a projection with
the aid of only one projector. In the case of a number of
projectors, the problem of overlapping then occurs repeat-
edly.

It 1s an object of the present invention to provide a calibra-
tion method and a calibration system that can be used to
irradiate large and/or complex projection areas with the aid of
a projection apparatus with as few distortions as possible.

SUMMARY OF THE INVENTION

At least one projection apparatus 1n this case projects pre-
viously known calibration patterns onto at least a portion of a
projection area, the calibration patterns having at least one
overlap region with one another. The calibration patterns are
recorded by at least one camera apparatus as a calibration
image, and the data of the calibration 1mage are transmitted to
a computer unit, the deviation between the recorded real
calibration 1mage and an 1deal imaging result of the previ-
ously known calibration pattern on the projection area being
automatically determined as reference pattern by means of
the computer unit. The 1deal imaging result determined with
the aid of the previously known data therefore serves as a
reference for the actual projection that has been recorded by
the camera apparatus.

Subsequently, a correction transform 1s determined from
the deviation between a real calibration 1mage and the refer-
ence pattern so that the link between the correction transform
and a real projection of 1mages by the at least one projection
apparatus corresponds, particularly in an overlap region, to
the reference pattern apart from a small, 1n particular mini-
mum, deviation. It 1s possible 1n this case, for example, to
prescribe for the deviation a specific threshold value that still
provides an acceptable distortion for a viewer.

It 1s advantageous when the correction transform exhibits a
displacement of at least one point, 1n particular an interpola-
tion point of the really recorded calibration image onto a point
of the reference pattern. In this first embodiment, a really
determined point, for example the intersection point 1n a
calibration pattern, 1s displaced onto the computationally
determined reference location. In the case of a number of
points, the transtorms (for example displacements) can also
prove to be different for each point.

It 1s also advantageous when the correction transform
defines a displacement of a point in such a way that the
spacing between two points of the calibration pattern 1s aver-
aged 1n order to determine a target point. Such a correction
transform 1s easy to carry out. However, it i1s particularly
advantageous here when a weighting 1s performed, particu-
larly as a function of the location of the point in the projected
image, 1n order to average the spacing. Thus, a projected point
that 1s arranged nearer the middle of the projector image can
be given a higher weighting than a point that lies at the edge
of the projected 1mage.
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In a further advantageous embodiment, at least one marker
1s arranged 1n and/or on the projection area for acquisition by
the camera apparatus. The at least one marker 1s advanta-
geously designed as a laser or LED.

An advantageous refinement of the inventive method has a
projection area that has at least partially a spherical shell, a
cylindrical shell and/or a planar surface. Such areas are suit-
able for projections in a particular way.

It 1s also advantageous when the camera apparatus has at
least one digital camera, at least one video camera, at least one
fish-eye camera and/or at least one webcam. These cameras
are suited individually and/or jointly for recording a calibra-
tion pattern quickly and directing the corresponding data to
the computer unit for further processing.

Precisely 1n the case of relatively large projection areas, or
even 360° areas, 1t 1s advantageous when at least one camera
apparatus 1s mounted rotatably on at least one axis 1n order to
record an 1mage of the projection area. It 1s therefore possible
for an appropriately projected calibration pattern to be
recorded efficiently.

It 1s advantageous when at least one projection apparatus
has at least a beamer, laser projector, LCD projector and/or
DLP projector.

The at least one calibration pattern 1s advantageously a
strip pattern 1n which individual strips are arranged parallel to
one another.

Again, the strips can advantageously be of curved (predis-
torted), single-color, multicolor or color-coded design. A fur-
ther advantageous embodiment uses point patterns, 1t also
being possible to use a number of different types of pattern
(for example point and strip patterns) in a calibration pattern.

In order to suppress disturbing light influences, 1t 1s advan-
tageous when the camera apparatus records a black and white
image before the evaluation of a recording of at least one
calibration pattern. A black and white image 1s a photograph
of a black projection by the projector apparatus. This black
and white 1image includes inter alia instances of glare that can
then be removed by calculation during subsequent process-
ng.

In a turther advantageous refinement of the inventive cali-
bration method, blending 1s undertaken in the overlap region
in order to adapt the brightness values.

The correction transform determines the requisite varia-
tions 1n the projections. Additionally, or else alternatively, the
projection can be varied not only computationally, but 1t 1s
also possible that at least one spatial orientation of atleast one
projection apparatus 1s automatically varied as a function of
the correction transform.

Furthermore, parameters of the camera apparatus can
advantageously be automatically determined by making a
recording of a previously known pattern, 1n particular of a
marker pattern on the projection area such that the computer
unit can calculate the parameters therefrom.

At least one projection apparatus serves for projecting
previously known calibration patterns onto at least a portion
of the projection area. The calibration patterns can, but need
not overlap one another.

At least one camera apparatus serves to record the calibra-
tion patterns as a calibration 1image, 1t being possible to trans-
mit the data of the calibration image to the computer unit and
the computer unit being used for automatically determining
the deviation between the recorded real calibration image and
an 1deal 1maging result (reference pattern) of the previously
known calibration pattern on the projection area.

A correction means serves to determine a correction trans-
form from the deviation between real calibration 1image and
the reference pattern so that the link between the correction
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transform and a real projection of images by the at least one
projection apparatus corresponds, particularly in an overlap
region, with the reference pattern apart from a small, in par-
ticular minimum, deviation.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention 1s explained in more detail below with ref-
erence to the figures of the drawings and a number of exem-
plary embodiments. In the drawings:

FIG. 1 shows a schematic of an embodiment of the mnven-
tive calibration system having two projection apparatuses;

FIG. 2 shows a schematic of an embodiment of the inven-
tive calibration method;

FI1G. 3 shows a schematic of the determination of a correc-
tion transform in accordance with a first embodiment;

FIG. 4 shows a schematic for determining a correction
transform in accordance with a second embodiment;

FIG. 5 shows a recording of a configuration having three
projection apparatuses;

FI1G. 6 shows a recording of a projection composed of three
partial images belore the execution of the calibration method;

FIG. 7 shows arecording of a projection composed of three
partial images atfter the execution of the calibration method;

FIG. 8 shows a recording of the projection according to
FIG. 7 with a brightness correction (blending) 1n the overlap
region;

FIG. 9 shows a recording of a projection into a spherical
shell betore the execution of the calibration method;

FIG. 10 shows a recording of the projection according to
FI1G. 9 after the execution of the calibration method:

FI1G. 11 shows a recording of a projection into a spherical
shell with the use of markers, for use 1n an embodiment of the
inventive calibration method:

FIG. 12 shows a flowchart for comparing three embodi-
ments;

FIG. 13 shows a schematic of the real beam path 1n the first
embodiment;

FIG. 14 shows a schematic of the virtual beam path 1n the
first embodiment;

FIG. 15 shows a schematic of the images of a point 1n the
camera 1mage space;

FIG. 16 shows a schematic of the image of a point in the
projector 1mage space.

DETAILED DESCRIPTION OF THE INVENTION

For the sake of stmplicity, FIG. 1 describes an embodiment
of the mventive calibration system and of the inventive cali-
bration method 1n the case of which two projection appara-
tuses 11, 12 are used for projecting images onto a projection
area 1. However, 1t 1s also possible in principle to use more
than two projection apparatuses 11, 12.

Projections with the aid of a number of projection appara-
tuses 11, 12 are used wherever images are to be projected onto
complex and/or large projection areas 1.

Here, images are understood as stills (for example pan-
oramic views, slides etc.), moving images (for example video
images) or else 3D 1mages. The term 1images also comprises
combinations of these 1mage types.

FIG. 1 illustrates a basic situation for such a system, the
projection area 1 for the images being shaped here 1n complex
fashion from differently curved segments. It 1s possible 1n
principle to select geometries such as, for example, a plane,
spherical shells, parts of spherical shells, cylinders, cylindri-
cal shells or other concave and/or convex geometries for the
projection area 1. It 1s also possible furthermore for the pro-

10

15

20

25

30

35

40

45

50

55

60

65

4

jection area 1 not to consist of one piece, so that the projection
apparatuses 11, 12 project images onto a number of projec-
tion areas 1 distributed in space.

It 1s possible m principle to make use for a projection area
1 of any geometry whose data can be described by param-
cters, tables and/or functional relationships. These geometric
data of the projection area 1 must be known 1n advance, since
these data are used within the scope of the invention to deter-
mine a theoretically ideal imaging performance (that 1s to say
a reference pattern) that serves as reference for real imaging.

Images can be projected onto the projection area 1, these
images being composed of partial images 21, 22 of the pro-
jection apparatuses 11, 12. The partial images 21, 22 overlap
one another in an overlap region 2 1n order to vield an overall
image in sum. In the case of more than two partial images 21,
22, a number of overlap regions 2 also result.

The partial images 21, 22 must lie on one another as per-
tectly as possible 1n the overlap region 2 so that no “seams”
are visible between the partial images 21, 22 and the best
possible overall image results.

A real configuration is 1llustrated in the illustration of FIG.
5. Use 1s made here of three projection apparatuses 11, 12, 13
that cast images onto a projection area 1 in the shape of a
cylindrical shell. In the case of the geometric conditions
present here, two overlap regions 2', 2" are present between
the projected images. The projection apparatuses 11, 12, 13
are coupled to a computing unit 20. The camera apparatus 15
1s not visible 1tsell, since the picture of FIG. S 1s shown from
the perspective of the camera apparatus 15.

FIG. 6 1llustrates the uncalibrated case, 1n which, by anal-
ogy with FIG. 5, the three partial images have not yet been
adapted 1n the overlap regions 2', 2". This 1s to be seen, for
example, from the double lines on the tloor of the illustration
in FIG. 6.

By using at least one camera apparatuses 15 and with the
aid of special calibration patterns 30 (see also FIGS. 3 and 4),
the calibration method and calibration system described here
detect the deviations (for example errors in alignment) of the
partial images 21, 22 1n the overlap region 2, and correct the
projector 1mages for a later projection to the effect that the
partial images 21, 22 lie upon one another as pertfectly as
possible 1n the overlap region 2, such that a seamless overall
image 1s ensured (automatic fine calibration/autocalibration).

The at least one camera apparatus 15 can have at least one
digital photographic camera, at least one video camera, at
least one camera with fish-eye lens and/or a webcam, 1t also
being possible to use combinations of these elements.

Any types of projection apparatuses 11, 12 can be used.
When the projector properties are known, both the external
ones (position, orientation) and the internal ones (aperture
angle, aspect ratio), these can be taken 1nto account compu-
tationally during geometric rectification.

When the geometric data of the projection area 1 and, 1f
appropriate, of the projection apparatuses 11, 12 are known,
the requisite geometric rectification can be calculated, that 1s
to say the projector images are at least transformed such that
a correct overall image composed of the partial images 21, 22
results on the projection area 1.

The seams 1n the overlap region 2 are rendered as invisible
as possible by soft edge blending, that 1s to say throughout the
course of the overlap regions 2, one projection apparatus 11
respectively becomes darker (fade-out), while the next pro-
jection apparatus 12 becomes brighter (fade-in) to the same
extent, so that the same brightness 1s achieved 1n sum of the
projection apparatuses 11, 12 at each pixel of the overlap
regions 2 as 1n the regions that are irradiated only by a single
projection apparatus 11, 12.
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The regions 1n which the aim 1s to perform blending can be
input by the user (on a sphere with latitude and longitude
lines, for example as “blending between projector 1 and pro-
jector 2 from longitude line 5 to 107), or the entire overlap
region 2 of each two projection apparatuses 11, 12 1s auto-
matically determined and used as blending region.

In the former case (1nput by user), the user can also specity
complicated blending processes via iterpolation point defi-
nitions through which, for example, splines are then laid.

The function of a camera apparatus 15 in cooperation with
a computing unit 20 1s described in conjunction with the
description of FIG. 2.

FIG. 2 1s a schematic of an embodiment of the inventive
calibration method 1n which 1t 1s intended to produce as
secamless as possible overlap between partial images 21, 22
described 1n conjunction with FIG. 1.

During automatic fine calibration, the projection appara-
tuses 11, 12 cast as calibration pattern 30 onto the projection
area 1 previously known strip images determined sequen-
tially and/or simultaneously and which are recorded by at
least one camera apparatus 15 (see FIG. 1). When, for
example, the projection apparatuses 11, 12 project the cali-
bration patterns 30 sequentially, one image 1s recorded in
relation to each calibration pattern 30, in which case these
images are, for example, combined 1n the computer unit 20 to
form a virtual overall image. The image thus recorded 1is
denoted as a calibration image.

The calibration 1mage shows the real distortions of the
calibration pattern 30 1n the overlap region 2. The data of the
calibration image are transmitted to the computer umit 20. The
computer unit 20 can have, for example, a processor, a PC, a
cluster of PCs or a workstation. The computer unit 20 can, for
example, be arranged 1n one of the other apparatuses (projec-
tion apparatus, camera apparatus, projection area) and/or the
computer unit 20 1s designed as a separate system.

The computer unit 20 automatically determines the devia-
tion between the recorded real calibration 1mage and an 1deal
imaging result of the previously known calibration pattern 30
on the projection area 1. Since both the calibration pattern 30
and the geometry of the projection area 1 are known, 1t can be
calculated how the 1mage must appear in the 1deal case 1n the
overlap region 2. This 1deal case 1s used as reference pattern
to which the real imaging result (that 1s to say the calibration
image) 1s to be approximated.

The computer unit 20 automatically determines a correc-
tion transform 50 from the deviation between the real cali-
bration 1mage and the ideal imaging result such that the link
between the correction transform 50 and a real projection of
images by the at least two projection apparatuses 11, 12 1n the
overlap region 2 corresponds to the 1deal imaging result apart
from a small, 1n particular mimimum deviation.

Starting from the projections in accordance with FIG. 6,
the result of the calibration 1s illustrated 1n FIG. 7 with the aid
of an embodiment of the method. Comparison shows that the
lines on the floor 1n the overlap region 2', 2" in the illustration
lie upon one another so that double lines are no longer visible.
However, the overlap regions 2', 2" are clearly brighter than
the remainder of the illustration. The above-described blend-
ing can be used to produce the result 1n accordance with FIG.
8, which 1s a uniformly i1lluminated overall image.

Three embodiments are described below 1n relation to this
basic cycle.

In the first embodiment, the external parameters (for
example the position) and internal parameters (for example
the lens geometry) of the camera apparatus 135 must be known
as accurately as possible. This 1s not required 1n the case of the
second embodiment.
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It 1s advantageous for both embodiments when the param-
cters of the configuration (geometry and projection appara-
tuses 11, 12) are known and have also been set up approxi-
mately as planned. The partial images 21, 22 already match
up to some extent in this case. Only the errors that have not yet
been compensated are to be removed by the automatic fine
calibration.

In the third embodiment, neither are the parameters of the
camera apparatus 15 known nor are the projection appara-

tuses 11, 12 preadjusted.

As mentioned, 1n the first embodiment there 1s an addi-
tional need to know the parameters of the camera apparatus
15, specifically as exactly as possible. This determination of
the parameters, also termed camera calibration, can be carried
out with the aid of an embodiment of the inventive calibration
method.

In this case, markers are fastened on the projection area 1 at
specific sites (for example colored paper circles, LED lumi-
naires, etc.). The camera apparatus 1 to be calibrated records
images on which the markers are to be detected. The com-
puter unit 20 analyzes the images and detects the locations of
the markers in the camera image. Since the 3D positions of the
markers are known, 1t 1s now possible to calculate the camera
parameters from this information (for example position and
orientation of the camera).

In the first exemplary embodiment, the overall configura-
tion (projection area 1, projection apparatuses 11,12, camera
apparatuses 135) 1s modeled in the computing unmit 20 of the
system.

The way in which calibration patterns 30 are used to correct
the distortion 1s described below with the aid of different
embodiments.

At least one projection apparatus 1n this case casts onto the
projection area 1 defined calibration patterns 30 that are
recorded by the camera apparatus 135 (calibration image 1n the
camera 1mage space). The system recognizes the patterns of
the projector 1mages in the photos and thereby has a set of
interpolation points 1n the projector image space with unique
assignment in the camera 1mage space. The assignment 1s
performed by means of a color coding of the strips that 1s
known per se. Such a color coding 1s, for example, the article
entitled ““The Hiscore Camera—A real time three dimen-
sional and color camera™ by Forster et al. in Proceedings 2001
International Conferences Image Processing, pages 598-601
vol. 2. A calibration pattern 30 1s illustrated 1n a simplified
way 1n FIG. 3. In this case, a first projection apparatus 11 (not
illustrated here) casts a first calibration pattern 31 (dashed
lines) with horizontal strips 31a and vertical strips 315. Here,
only one strip 31a, 315 1s respectively illustrated. A first
intersection point 33 results.

A second projection apparatus 12 (likewise not 1llustrated
here) casts a second calibration pattern 32 (dashed and dotted
lines) with horizontal strips 32a and vertical strips 325. Here,
as well, only one strip 32a, 325 1s respectively 1llustrated. A
second 1ntersection point 36 results.

Furthermore, there exists a reference pattern 40 (continu-
ous lines) with horizontal strips 41a and vertical strips 415. A
third intersection point 42 results. The reference pattern 40 1s
defined 1n this first embodiment by the camera apparatus 15,
since 1t 1s presupposed that the camera position 1s accurately
known. The camera apparatus defines where the lines of the
projection apparatuses 11, 12 are to lie on the projection area
1.

With the aid of the spacings of the intersection points 35, 36
of the calibration patterns 30 from the third intersection point
42, 1t can be recognized in FIG. 3 that the first projection
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apparatus 11 1s set too far to the right and too far above, the
second projection apparatus 12 1s set too far to the right and
too far below.

The aim 1s that the intersection points 35, 36 of the pro-
jected lines are drawn to the same target point that 1s deter-
mined by the camera-induced reference pattern 40. In accor-
dance with FIG. 3, the target point 1s the third intersection
point 42.

This aim 1s achieved as follows 1n the first embodiment,
reference being made to FI1G. 13.

FI1G. 13 illustrates a projection area 1 that 1s wrradiated by
the first projection apparatus 11. The camera apparatus 15
views, mter alia, a portion of the projection area 1 irradiated
by the first projection apparatus 11. With its projected image,
the first projection apparatus 11 defines a projection frustum
(a type of projection “cone”) 63 (dashed line). The image to
be projected by the first projection apparatus 11 1s located in
the assigned projector image plane 65.

The camera apparatus 15 also defines a type of viewing
cone 64 (continuous line). The image i1t photographs lies 1n
the assigned camera 1image plane 66.

In the case of the first embodiment, the real configuration
and beam path (the parameters of which are all known as
accurately as possible) 1llustrated 1n FIG. 13 are reproduced
in a virtual model. Consequently, the following describes

which steps are carried out 1n the real configuration (see FIG.
13) and which steps are simulated 1n the virtual model (see
FIG. 14).

The first projection apparatus 11 casts a calibration pattern
30 with a large set of interpolation points (that 1s to say
intersection points between horizontal and vertical strips (for
example 31a, 315, 32a, 326 1in FI1G. 3)) onto the projection
area 1 in the real case.

The beam path 61 (dashed and dotted lines) of such an
interpolation point can be followed using FIG. 13. The inter-
polation point lies 1n the projector image plane 65 at the point
71. The mterpolation point 1s located on the projection area 1
at the point 72. The camera apparatus 15 takes an 1image. This
point 1s located at point 73 on the image (1n the camera image
plane 66).

The virtual model of this configuration will now be exam-
ined 1n accordance with FIG. 14. If all were set up pertfectly in
the real case (which 1s impossible) the virtual model would be
identical to the real configuration, that is to say the intersec-
tion points would lie exactly above one another.

Since the real configuration 1s, however, imperiect, there
are slight differences between the real configuration and the
virtual model.

In the virtual case, the camera now “shoots” back this point
73, that 1s to say the latter 1s determined computationally. This
1s the beam 62 (dashed and dotted line) in FI1G. 14.

Were the real configuration perfect, this beam would strike
the point 72 1n the real case (that 1s to say 1n FIG. 13) on the
projection area 1 and, finally, arrive again at the point 71 in the
projector image plane 65.

Since, however, the configuration 1s imperfect, the point 82
on the virtual projection area 1 1s struck instead of point 72, 1t
being located at point 81 instead of point 71 1n the projector
image plane 65. This means that the camera apparatus 135
would actually have expected 1n 1ts 1mage plane 66 at the
point 73 an iterpolation point from the projector image plane
point 81, and not from the projector image plane point 71.

The 1nterpolation points (and thus finally, the 1mage con-
tents to be projected) are now displaced 1n the projector plane
65 such that the image really cast by the projection apparatus
11 occurs exactly where the camera apparatus 15 requires.
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In the real case, the point 71 was projected, and 1t was
determined that the point 71 arrives in the camera image plane
66 as point 73. However, (according to the perfect virtual
model) the image point 81 from the projector image plane 1s
to lie at the point 73.

The correction transform 50 now consists (for this interpo-
lation point) in that the image content (the interpolation point)
1s transformed 1n the projector 1mage plane 635 from point 81
to point 71. This 1s because 1t 1s known that for point 71 1n the
projector image space 1t 1s point 73 that 1s of importance in the
camera image plane 66 1n the real case. Thus, after application
of the correction transform 350 at point 71, the image content
which was actually situated at point 81 1s projected and lands
on the projection area 1 at point 72 and, finally, lands 1n the
camera apparatus 15 at point 73—exactly where it ought to
be.

A computational relationship 1s formed 1n the computing
unit as correction transform 50 that displaces the interpola-
tion points 35, 36 of the calibration 1image 1nto the iterpola-
tion points of the reference 1mage 37. The computational
relationship can be in the form of a function, table or param-
eters. It 1s particularly advantageous when use 1s made of a
so-called mesh that does not presuppose an analytical inscrip-
tion of the transform. The mesh 1s a type of grating structure
that acts on the projector 1image and consists of a specific
number of interpolation points. The displacements described
as necessary for individual points 1n the projector image are
applied 1n this case to the associated nterpolation points of
the mesh, whereupon the projector image 1s distorted in the
way desired.

A correction can be performed 1n the entire overlap region
2 by this transform. The correction transform 30 1s 1mple-
mented, for example, 1n the form of a table. For reasons of
clanty, the correction transform 50 1s 1llustrated 1n FIG. 3 only
for a pair of interpolation points. However, it 1s possible 1n
principle also to apply the correction transtorm 50 to any
desired number of interpolation points.

This process 1s carried Out for many different interpolation
points of the projector image plane. These interpolation
points define a network that covers the entire projector image
plane, for example a network composed of 100 times 100
umformly distributed interpolation points. After displace-
ment of all the interpolation points of this projection appara-
tus 11 to the corrected positions, the entire projector image 1s
displaced exactly to the point where 1t ought to be for the
camera apparatus.

It 1s now possible to add yet a second, third and, 1f appro-
priate, yet further projection apparatuses 11, 12, 13, respec-
tively. Exactly as the image of the first projection apparatus
11, their projected 1mages are drawn exactly to the points
where these should lie on the basis of the information deter-
mined by the camera apparatus (according to the perfect
virtual model). Since 1n the virtual model the image contents
ol two projectors lie exactly upon one another, they now also
lie upon one another in the real case after the calibration.

Interpolation points of the projector image space that are
not recognized in the photos are interpolated and extrapo-
lated.

In the case of the second embodiment, the parameters of
the camera apparatus 15 are not used, that 1s to say they also
need not be known 1n advance. However, it 1s advantageous
whenever the projection apparatuses 11, 12 are nevertheless
well adjusted manually. The mode of procedure of the second
embodiment 1s explained 1n FIG. 4, use being made here 1n
principle of the same calibration patterns 30 as 1n the case of
the first embodiment (FIG. 3). Reference may therefore be
made to the corresponding description of the first embodi-

[l




US 8,311,366 B2

9

ment. However, the calibration patterns of the second
embodiment are predistorted, so that they are adapted to the
shape of the projection area 1 (for example a spherical coor-
dinate system for a spherical projection area).

In the second embodiment, the parameters of the camera
apparatus 15 are unknown, that 1s to say there 1s no camera
apparatus here that can give a reference for the projection
apparatus 11, 12.

Instead, the projection apparatuses 11, 12 must be pread-
justed as well as possible by hand. The last remaining difier-
ences are to be reduced or corrected by means of the second
embodiment of the mventive method 1n that, when the image
contents of two projection apparatuses 11, 12 “do not licupon
one another” 1t forms a kind of compromise in the overlap
region 2, and the overlapping projector image contents are
contiguous. This 1s illustrated by way of example 1n FIG. 4, 1n
which, by analogy with FIG. 3, only selected parts of a cali-
bration pattern are illustrated.

In this case, a first projection apparatus 11 (not illustrated
here) casts a first calibration pattern 31 (dashed lines) with
horizontal strips 31a and vertical strips 315. Here, only one
strip 31a, 315 1s respectively illustrated. A first intersection
point 33 results.

A second projection apparatus 12 (likewise not illustrated
here) casts a second calibration pattern 32 (dashed and dotted
lines) with horizontal strips 32a and vertical strips 325. Here,
as well, only one strip 32a, 325 1s respectively 1llustrated. A
second 1ntersection point 36 results.

The first intersection point 335 of the first projection appa-
ratus 11, and the second intersection point 36 of the second
projection apparatus 12 should actually lie upon one another.
A target point 42 1s now defined as compromise, specifically
as the mean value between these two 1ntersection points 35,
36.

So that the interpolation points 1n the projector image space
also actually achieve these mean values, the point displace-
ments 1n the projector image space must be inferred from the
point displacements in the camera 1mage space. This 1s pos-
sible via the neighboring interpolation points of the respective
interpolation point 1n the projector image space for which,
after all, the associated points 1n the camera 1image space are
also available.

The first intersection point 35 and the second intersection
point 36 are to be displaced onto the target point 42.

All these points are located in the camera image plane (see
FIG. 15 for an illustration of the camera 1mage space). The
associated projector image space 1s 1llustrated 1n FIG. 16.

The original point 135 in the projector image plane of the
first projection apparatus 11 (see also FIG. 16) 1s known for
the first intersection point 35 of the camera 1image plane (see
FIG. 15).

The original point 1n the projector image plane of the
second projection apparatus 12 1s also known for the second
intersection point 36 of the camera 1mage plane.

The original point in the projector image space (point 142
for the first projection apparatus 11), which belongs to the
target point 42 and lies 1n the camera 1image space, 1s 1nitially
unknown.

What 1s required 1s to determine this for each projection
apparatus 11, 12 and for each interpolation point. The calcu-
lation for the first projection apparatus 11 1s examined below.
The calculation for the second projection apparatus 12 1is
performed analogously.

FI1G. 15 shows the camera image space. A calibration pat-
tern 30 1n the first projection apparatus 11 1s 1llustrated that
has horizontal and vertical strips 31, the first interpolation
point 35 and the target point 42 for the first interpolation point
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35. Furthermore, the neighboring points A, B, C, D of the first
interpolation point 35 are depicted.

FIG. 16 shows the same 1image as 1n FIG. 15, but in the
projector image space of the first projection apparatus 11. The
horizontal and vertical strips are shown, together with the
interpolation point 135 and the target point 142 for the inter-
polation point 135. The neighboring points A', B', C', D' of the
interpolation point 135 are further depicted.

Since the projector image 1s generally cast obliquely onto
curved projection area 1, and 1s recorded from an unknown
angle, there 1s generally a clear difference between the image
in the camera 1image space (after projection, FIG. 15) and the
same 1mage (before projection, FIG. 16): It 1s rotated, dis-
placed, curved, distorted, etc.

It 1s now required to determine the position of 142 (in the
projector 1mage space). This must be done so that after the
projection at this point the (target) point 42 1n the camera
image space 1s struck. This 1s because when the correction
transiorm 1n the projector image space displaces the mterpo-
lation point 135 exactly onto the point 142 this interpolation
point thus subsequently comes to lie on 42 1n the camera
image space. This 1s exactly the goal.

The determination of the pixel coordinates of point 142 1s
described below.

The positions of the mterpolation points in the projector
image space 135, A', B', C', D' are known since these are fixed
in the calibration patterns 30 themselves.

Intersection points 35, A, B, C, D 1n the camera image
space are also known, since these mterpolation points have
been recognized again in the photo (for example using the
color-coded light section technique). The target point 42 1n
the camera image space 1s known, since 1t has been calculated
as the mean value of the points of anumber of projectors. This
calculated target point 42 serves as reference value. If the
calculation 1s carried out for many intersection points, a ret-
erence pattern 1s obtained.

The target point 142 1n the projector image space will now
be calculated with the aid of the neighboring interpolation
points.

It 1s 1llustrated 1n the example of FIG. 135 that 1t 1s possible
to reach the point 42 starting from point 35 1f 70% of the path
goes 1n the direction of the point A (which 1s the arrow 96),
and then 50% of the path goes from point 35 to point B (that
1s the arrow 97, or the dashed, parallel-displaced copy of the
arrow 97).

This calculation of the target point 42 from the nterpola-
tion point 35 and 1ts two neighbors A, B 1s transformed in the
camera 1image space nto the projector image space, 1 order
to be able to calculate the target point 142.

Again, one proceeds from the interpolation point 135, then
goes (to the same extent as in the camera 1image space) a little
in the direction of point A' (specifically 70% of the path 1n this
example, arrow 196), and then covers (to the same extent as 1n
the camera 1mage space) a part of the path from point 135 to
point B' (specifically 50% of the path 1n this example, arrow
197). The coordinates of the target point 142 are thus arrived
at. It 1s then thereby possible for the interpolation point 135 to
be displaced into the target point 142, whereupon—as
desired—the image content that had been located at the inter-
polation point 135 1n the projector image will now appear in
the camera 1mage space at point 42 and no longer at point 35.

The correction transform 50 1s composed here of the dis-
placements symbolized by the arrows.

As 1n the case of variant A, this calculation 1s executed for
a grating network composed of iterpolation points that cov-
ers the projector image. Subsequently, the entire image of this
projector lies 1n the camera image space together with its
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interpolation points at the “compromise” interpolation point
positions. Since this calibration 1s carried out for each pro-
jector, the projectors subsequently lie upon one another 1n the
overlap region.

However, the “mean value” must advantageously be
weighted so that no discontinuity/kinks 1n the projector
images result. By way of example, a sensible weighting
would be: high weight i the vicinity of the middle of the
projector image, and low weight 1n the vicinity of the projec-
tor edge.

The second embodiment 1s also described 1n conjunction
with FIGS. 9 and 10. In this case, the projection area 1 1s a
spherical shell into which a number of partial images 21, 22,
23 are projected from above by means of a number of projec-
tion apparatuses (not illustrated here). It may be seen from the
double lines 1n FIG. 9 that matching 1s not good here 1n the
overlap regions 2. After the method has been carried out 1n
accordance with the second embodiment, the result 1n accor-

dance with FIG. 10 1s achieved. The partial images 21, 22, 23
now lie substantially correctly upon one another.

In the case of the third embodiment, neither are the param-
cters of the camera apparatus 15 known, nor are the projection
apparatuses 11, 12 preadjusted.

A virtual 3D model of the projection area 1 (for example a
dome as 1n FIG. 5) 1s known; 1t 1s stored 1n the computing unit
20. A concrete exemplary embodiment 1s illustrated 1n FIG.
11, the projection area 1 being a spherical shell into which a
number of partial images 21, 22, 23 are projected.

A number of markers 70 (LEDs, laser pointers) are pro-
vided at well-defined points on the projection area 1; two at
the edge, one at the zenith.

Since the camera apparatus 15 cannot record the entire
dome 1 with the markers from one view, the calibration 1s
carried out 1 segments. Let us assume that the dome projec-
tion comprises six projection apparatuses 11, 12 (five for the
panorama and one for the zemith). The markers 70 would in
this case be arranged at the zenith and every 72° at the edge,
for example. When the camera apparatus 15 1s recorded, 1t
must be ensured that two edge markers 70 and the zenith
marker 70 are respectively 1in the image of the camera so that
an assignment 1s possible. In the case of the dome, the mark-
ers 70 define a spherical triangle.

It 1s thus possible to map a 72° segment of the 3D model of

the dome into the photos of the true dome via geometric
transformation (perspective transformation, rotation, transla-
tion, shearing, lens distortion, . . . ). Reference lines are
contained 1n this virtual segment (for example every 5°).

Subsequently, there are projected for each projection appa-
ratus 11, 12 of the currently viewed segment calibration pat-
terns 30 that are compared with these reference lines so that
the pixel displacement can be determined for each component
projector 11, 12. A subsegment 1s calibrated 1f all the compo-
nent projectors are matched by image warping to these refer-
ence patterns. This calibration 1s performed analogously for
the remaining subsegments. Since these subsegments are
based on the same 3D reference model, the segments cali-
brated independently of one another match one another.

It 1s to be recommended for the cross-fade region on the
projectors to be approximately 1n the middle of a subsegment
so that the segments do not abut one another in the cross-fade
region, since this would complicate blending between the
projectors. The distortion and the brightness correction
(blending) 1s performed by analogy with the method for mul-
tiprojector calibration described in DE 102 51 217.

The commonalities of all three embodiments are described
below once again.
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1. Setup: In each embodiment, at least some of the informa-
tion relating to the setting up of the hardware 1s input: size
and shape of the projection area 1, position and alignment
of the camera apparatus 15 and/or position and alignment
of the projection apparatuses 11, 12.

2. Calibration patterns: The projection apparatuses 11, 12 cast
calibration patterns 30 onto the projection area 1.

3. Recording of calibration image: The camera apparatus 15
photographs these calibration patterns 30 and generates a
calibration image for further computational processing. By
way of example, the camera apparatus can have a movable
camera that 1s repositioned, or a number of fixed cameras.
It 1s also possible to use a panoramic camera or fish-eye
camera. If appropriate, a black and white 1image 1s recorded
in order to remove mterierence light.

4. Matching with a reference pattern: The information
extracted from the recordings of the calibration images are
matched with a reference pattern 40, a type of “model” for
the desired 1mage, which 1s as perfect as possible.

5. Generation of correction transform: A distortion rule, a
correction transform 50, 1s calculated from the matching
with the reference pattern 40. This distortion rule 1s applied
to the projector image, whereupon the entire 1mage 1s cor-
rected and the observed errors disappear. The transforms
required 1n this case need not be describable with the aid of
normal mathematical functions. The “mesh” described
above 1s advantageously used for the distortion.

The respective differences between the three exemplary
embodiments are explained below 1n relation to the general
procedure, reference being made to the five above-named
categories.

First Embodiment

1. Setup
Geometry of the display area must be known
Geometry of the projectors must be known
Geometry of the camera must be known

2. Calibration Patterns
“Normal”, undistorted patterns are projected by the pro-

jectors

4. Matching reference patterns: The entire setup (projection
area 1, projection apparatuses 11, 12, camera apparatuses
15) 1s remodeled in the virtual case 1n the computing unit
15 of the system. The projection apparatuses cast defined
calibration patterns 30, and the cameras take photos. The
computing unit recognizes the calibration patterns 30 of
the projector 1mages 1n the recordings again, and thereby
has a multiplicity of interpolation points 1n the projector
image space with unique assignment in the camera 1image

space.

Second Embodiment

1. Setup:
geometry of the display area must be known
geometry of the projectors must be known. The projectors

should already be adjusted manually as well as possible

geometry of the camera need not be known

2. Calibration patterns: predistorted patterns are projected
with the aid of the projection apparatuses 11, 12. That 1s to
say they are already adapted to the geometry of the projec-
tion area 1. This 1s necessary so as to have interpolation
points that are to lie at exactly the same point on the display
area in two overlapping projector images in each case. This
does not apply for undistorted patterns that are arranged
symmetrically in the projector image space (for example
horizontal/vertical strips with fixed spacing from one
another).




US 8,311,366 B2

13

4. Matching with reference pattern: Points/lines whose pro-
jection of the individual projectors should lie upon one
another are projected 1n the overlap region for specific
interpolation points.

Third Embodiment

1. Setup
geometry of the display area must be known
n markers are provided on the projection area at well-

defined spacings (LEDs, laser pointers and the like)
parameters of the projectors need NOT be known.
parameters of the camera need NOT be known

2. Calibration patterns: “normal”, undistorted calibration pat-
terns 30 are projected with the projection apparatuses 11,
12. Since 1t can be that the calibration patterns 30 cannot be
tully acquired by the camera apparatus 15, the color-coded
light section technique and/or the projection of middle
strips can be used as reference.

3. Recording of calibration image: recording of a marker
image for later assignment of the uv coordinates.

4. Matching with reference pattern: The previously known 3D
model of the projection area 1 1s mapped nto the record-
ings of the calibration patterns with the aid of the previ-
ously recogmized markers as reference pattern. This 1s done
with the aid of known methods of computer graphics (per-
spective transformation, translation, rotation, shearing,
lens distortion, . . . ). The uv coordinates of specific points
or lines 1n this 3D model are known (the accuracy can be
fixed by the user), and are used for matching between
reference and projection. The filtered, projected calibration
patterns 30 are now compared with these reference coor-
dinates. For each point of the calibration pattern (for
example 1n the raster 20x20 pixels), an associated uv coor-
dinate 1s determined via the known reference coordinates
(1mage warping, see DE 102 51 217 Al). These uv coor-
dinates with associated positions 1n the frame buifer are
required for the real-time distortion of the projection, and
are stored for further real-time processing. The blending
between individual projectors can be calculated from
mutually overlapping calibration patterns. These data are
likewise stored for later real-time distortion. Particularly in
the case of a dome, the calibration 1s carried out per seg-
ment (for example 72°/90°). Since each segment 1s based
on the same 3D reference model, the result 1s a selif-con-

sistent global calibration that 1s composed of a number of

locally calibrated segments.

The differences between and commonalities of the three
embodiments are illustrated in FIG. 12, the first embodiment
being denoted by A, the second by B and the third by C.

It may be remarked that the three embodiments can be
intercombined, that 1s to say, another embodiment 1s used
respectively for different points 1n an overlap region or for
different overlap regions. It 1s thereby possible to intercoms-
bine the strengths of the individual methods.

The embodiment of the mvention 1s not restricted to the
preferred exemplary embodiments specified above. Rather, it

1s possible to conceilve a number of variants that make use of

the inventive calibration method and calibration system even
with designs of basically ditferent type.
List of Reference Symbols

1 Projection area

2 Overlap region

11 First projection apparatus

12 Second projection apparatus

13 Third projection apparatus

15 Camera apparatus

20 Computer unit

21 First partial image
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22 Second partial 1mage

23 Third partial 1mage

30 Calibration pattern

31, 31a, 315 First calibration pattern
32, 32a, 32b6 Second calibration pattern
35 First intersection point

36 Second intersection point

40 Reference pattern
41a, 4156 Reterence lines

42 Third mtersection point (FIG. 3), Target point (FIG. 4)
50 Correction transform

62 Beam 1n the virtual model

63 Projection cone

64 Viewing cone

65 Projector image plane

66 Camera 1image plane

70 Marker

71, 72, 73 Points 1n the real beam path (FIG. 13)

81, 82 Points 1n the virtual beam path (FIG. 14)

96, 97 Displacements in the camera image space (FI1G. 15)
135 Intersection point in the projector image space (FIG. 16)
142 Target point 1n the projector image space (FIG. 16)
196, 197 Displacements in the projector image space (FIG.

16)

A, B, C, D Neighboring points 1n the camera image space
(FIG. 15)
A", B', C', D' Neighboring points 1n the projector image space
(FIG. 16)

The mvention claimed 1s:

1. A calibration method for at least one projection appara-
tus for projecting images onto at least one projection area,
wherein the at least one projection area 1s associated with
geometric data having been or being stored 1n advance 1n a
computer unit, comprising:

a) projecting, with the at least one projection apparatus,
previously known calibration patterns onto at least a
portion of the at least one projection area,

b) recording the previously known calibration patterns by
at least one camera apparatus as a calibration 1mage,
wherein data of the calibration 1image 1s transmitted to
the computer unit,

¢) automatically determining, by means of the computer
unit, a deviation between the recorded calibration image
and an 1deal 1maging result of the previously known
calibration patterns on the at least one projection area,
the 1deal 1maging result forming a reference pattern,
wherein an actual arrangement of the at least one pro-
jection area, of the at least one projection apparatus, and
of the camera apparatus 1s modeled 1n a virtual three-
dimensional model according to known geometric data
of the at least one projection area, of the at least one
projection apparatus, and of the camera apparatus, and

d) determiming, by means of the computer unit, a correction
transform from the deviation between the recorded cali-
bration image and the reference pattern such that a trans-
formation of a real projection of images by means of the
correction transform by the at least one projection appa-
ratus corresponds, particularly 1n an overlap region, with
the reference pattern apart from a minimum deviation,
wherein the correction transform causes a displacement
of at least one point of the recorded calibration image
onto a point of the reference pattern.

2. The calibration method as claimed 1n claim 1, further
comprising: aligning overlapping projections of at least two
projection apparatuses by mimnmimizing the deviation from the
reference pattern so that no discontinuities are visible 1n the
overlap region.
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3. The calibration method as claimed in claim 1, wherein
the at least one projection area consists at least partially of at
least one of the group of a spherical shell, a cylindrical shell
and a planar surface.

4. The calibration method as claimed 1n claim 1, wherein
the at least one camera apparatus comprises at least one of the
group of at least one digital camera, at least one video camera,
at least one fish-eye camera and at least one webcam.

5. The calibration method as claimed in claim 1, wherein
the at least one camera apparatus 1s mounted rotatably on at
least one axis in order to record an 1image of the at least one
projection area.

6. The calibration method as claimed 1n claim 1, wherein
the at least one projection apparatus comprises at least one of
the group of a beamer, laser projector, LCD projector and
DLP projector.

7. The calibration method as claimed 1n claim 1, wherein at
least one calibration pattern 1s a strip pattern 1n which indi-
vidual strips are arranged parallel to one another.

8. The calibration method as claimed 1n claim 1, wherein at
least one calibration pattern comprises at least one of the
group ol curved, predistorted, single-color, multicolor and
color-coded strips.

9. The calibration method as claimed 1n claim 1, wherein at
least one calibration pattern has a point pattern.

10. The calibration method as claimed 1n claim 1, further
comprising: recording, by means of the at least one camera
apparatus, a black and white 1mage before evaluating a
recording of at least one calibration pattern.

11. The calibration method as claimed 1n claim 1, further
comprising: blending in the overlap region 1n order to adapt
brightness values.

12. The calibration method as claimed 1n claim 1, further
comprising: automatically varying at least one spatial orien-
tation of the at least one projection apparatus as a function of
the correction transform.

13. The calibration method as claimed in claim 1, further
comprising: automatically determining parameters of the at
least one camera apparatus by making a recording of a pre-
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viously known pattern, 1in particular a marker pattern on the at
least one projection area, and by calculating the parameters of
the at least one camera apparatus therefrom with the aid of the
computer unit.

14. A calibration system comprising;:

a) at least one projection apparatus for projecting 1mages
onto at least one projection area, the geometric data of
the at least one projection area having been or being
stored 1n advance 1n a computer unit, with at least one
projection apparatus projecting previously known cali-
bration patterns onto at least a portion of the at least one
projection area;

b) at least one camera apparatus for recording the previ-
ously known calibration patterns as a calibration 1image,
it being possible to transmit data of the calibration 1mage
to the computer umit; and

¢) with the computer unit, automatically determining a
deviation between the recorded calibration image and an
ideal imaging result of the previously known calibration
patterns on the at least one projection area, the ideal
imaging result forming a reference pattern, wherein an
actual arrangement of the at least one projection area, of
the at least one projection apparatus, and of the camera
apparatus 1s modeled 1 a virtual three-dimensional
model according to known geometric data of the at least
one projection area, of the at least one projection appa-
ratus, and of the camera apparatus; and

d) a correction means for determining a correction trans-
form from the deviation between the recorded calibra-
tion 1mage and the reference pattern such that a trans-
formation of a real projection of images by means of the
correction transform by the at least one projection appa-
ratus corresponds, particularly in an overlap region, with
the reference pattern apart from a minimum deviation,
wherein the correction transform causes a displacement
of at least one point of the recorded calibration image
onto a point of the reference pattern.
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